Abstract-During strong voluntary effort it is rarely possible to identify the action potentials from single motor units. In large muscles the most selective recordings are obtained with bipolar wire electrodes. To elucidate this experimental finding we have calculated the extracellular field around a single muscle fiber from an intracellular muscle action potential. This model showed that the selectivity of a bipolar electrode is high provided: i) the diameter of the recording surfaces is less than half the diameter of the muscle fibers;
INTRODUCTION
T HE STUDY of interval patterns of single motor units requires that each action potential throughout a recording period of several seconds can be identified. Bipolar electrodes are best suited for single unit recording from large muscles because they pick up the potentials from the fibers which lie close to the electrodes and attenuate the potentials of distant fibers. During strong voluntary effort it is rarely possible to obtain recordings in which one motor unit is clearly visible without interference from other units [1] - [8] . To lated the potentials from muscle fibers as they would be recorded by unipolar and bipolar electrodes of different dimensions. The extracellular field around a muscle fiber surrounded by an anisotropic conductor was calculated from the intracellular potential according to P. Rosenfalck [9] - [12] . On the basis of this model, we have selected the parameters for two different bipolar electrodes. Finally we have tested the model by recording with the electrodes from the anterior tibial muscle in man.
MODELING The properties of a bipolar electrode depend on three factors: i) the orientation of the recording surfaces relative to the direction of the muscle fibers, ii) the distance between the recording surfaces, and iii) the areas of the recording surfaces.
To investigate the dependence on these factors we calculated the extracellular field around a muscle fiber in situ. The extracellular potential field was calculated by means of a method suggested by P. Rosenfalck [9] - [12] from an intracellular action potential measured by Ludin [13] . The model takes into account the radius and conduction velocity of the muscle fiber, the anisotropy of muscle tissue, i.e., the difference in conductivity parallel to the fiber direction and perpendicular to it, and the conductivities of the intracellular and extracellular medium (see Appendix).
A unipolar electrode with point-shaped recording surface will record the potential around the fiber. The potential recorded with a bipolar electrode was calculated as the difference in potential between two nearby points. Potentials were calculated for bipolar electrodes lying parallel and perpendicular to the muscle fiber (Fig. 1) . If the two recording surfaces have the same distance to the muscle fiber the signal is extinguished (equidistant, Fig. 1 ).
Potentials were calculated at different distances from a muscle fiber for unipolar electrodes and for bipolar electrodes with a center distance between the recording surfaces of 25 gm (Fig. 2 left) .
RESULTS
In unipolar recording the peak-to-peak amplitude is 1260 PV at distance 0 from the muscle fiber. In bipolar perpendicular recording the potential can be extinguished if the recording surfaces have the same distance to the fiber (equidistant, Fig.  1 ). With one recording surface at the fiber and the other at distance 25 pm the amplitude is 30% of the potential recorded unipolarly. When the center-line of the bipolar electrode is parallel to the fiber axis the peak-to-peak amplitude is less than 1 0Oo of the amplitude in unipolar recording.
With larger center distances (c) between the recording sur- 001 faces the amplitudes are greater, the increase being about proportional to the center distance when the center-line is parallel to the fiber direction and less steep when it is perpendicular to it (Table 1) . For increasing distance between muscle fiber and electrodes the peak-to-peak amplitude decreases (Fig. 2) . To estimate the decline in amplitude as a function of distance between the surface of the fiber and the electrodes, the data are expressed in percent of the maximal amplitude recorded with the electrodes at distance 0 (Fig. 3) . The distance at which the amplitude has declined to 25% (25%-distance) is 1 16 gm with unipolar recording. With bipolar recording the 25%-distance is 63 and 76 gm when the electrode is perpendicular and parallel to the fiber direction. The decline in amplitude is two to three times greater for bipolar than for monopolar recording at a distance of 200 pm and three to five times at 500 pm. This explains that bipolar electrodes are selective because distant fibers contribute less to the signal in bipolar than in unipolar recording.
The number of fibers which contribute to the signal at maximal effort was estimated by placing a drawing of the pick-up ranges of an electrode with the recording surfaces embedded in a wall of insulating material over a micrograph of the crosssection of an anterior tibial muscle (Fig. 4) 50 Mim, 100 ,um, 200 gm and 400,um) from a muscle fiber computed from the intracellular action potential for a unipolar electrode (above), for a bipolar electrode with the recording surfaces perpendicular to the fiber axis (middle) and for a bipolar electrode with the recording surfaces parallel to the fiber axis (below). Right: Action potentials at different distances from a muscle fiber converted to the frequency domain by a Fast Fourier Transform. 0 dB = maximal value of power spectrum for the potential recorded unipolarly at distance 0 from the fiber surface. [15] , [16] .
The side holes were positioned at an angle of 450 to the direction of the wires such that the distance between the recording surfaces perpendicular and parallel to the fiber direction was approximately 50 gm (Fig. 6) .
The electrode was inserted by a curved hypodermic cannula which was passed through skin and muscle. The electrode was then pushed forward and the cannula withdrawn (Fig. 6) . The recording surfaces were moved close to active muscle fibers by gently pulling on either end of the wire. It could also be The distances were calculated from the power spectra (Fig. 2 right) . The horizontal lines indicate the 25%-distance for the peak-to-peak amplitudes of the action potentials as determined in Fig. 3 (Fig. 7) . The electrode was bent to form a hook and the wire ends were the recording surfaces. The electrode was inserted by a hypodermic needle, which was withdrawn. The orientation of the recording surfaces relative to the fiber direction was random. The action potentials were recorded between the two surfaces which gave single unit responses at the highest level of contraction. According to the model this will be the surfaces which lie perpendicular to the fiber direction. During the first contraction after the electrode was placed into the muscle 5-10 mm of the wire was drawn into the muscle. This "slack" helps the recording surfaces to remain close to the same muscle fiber during contraction. However, once inserted the electrode can only be moved slightly by pressing at the surface of the muscle. Electrode holder (Fig. 6 ): For both electrodes the thin wires were attached to springs [17] . The cannula used for insertion of the wires was withdrawn and remained on the electrode holder during recording. The holder with the electrode in the cannula was sterilized in boiling water.
ELECTRODE PROPERTIES Electrical Properties
The improvement in selectivity obtained by bipolar perpendicular electrodes relies in part on the shape of the pick-up area, where fibers lying close to the mid4ine (Fig. 4) do not give rise to any potential. This only applies if the bipolar electrode records potential difference, or in other words if the electrode preamplifier configuration has a high Common Mode Rejection (CMR). Considering the magnitudes of the unipolar and bipolar potentials (Fig. 2) the CMR should be greater than ten throughout the frequency range 20 Hz-10 kHz. We measured the parameters that determine CMR, i.e., impedance of the electrode surfaces, capacitance between the electrode wires and the tissue and the preamplifier input impedance ( Table 2 ). The impedances of the recording surfaces are mainly resistive at frequencies above 1 kHz. They were measured at 3-5 kHz in 0.15% NaCl with a test signal of 1 mV. The impedances of the holes which were burned into the side of the Teflon wire were 160 ki2/200 kQ in one electrode and 400 k&2/700 kE2 in another. For the cut end electrode the impedances were more similar, 380 k&2/400 kM. The impedances were kept low by passing a current 1-10 MiA (1-10 s) through them after they were sterilized. The procedure could be repeated with the electrodes in situ if necessary.
The capacitance between the wires and the tissue depends on the thickness and material of the insulation. The side hole electrode was Teflon insulated (2.4 pF/cm) and the cut end electrode enamelled (12.5 pF/cm). When 5 cm of the wires lie in the muscle the capacitances are 12 pF and 60 pF respectively.
The preamplifier was an FET source follower. It was connected directly to the springs on the electrode holder (Fig. 6) to avoid the effect of the capacitances of a shielded input 504 R1 and R2 are the resistive components of the impedances of the two recording surfaces measured at 3-5 kHz in 0.15% NaCl solution (1 mV). Cg is the sum of the capacitance between the wires and the muscle and the input capacitance of the preamplifier to ground (< 10 pF).
cable which might be of the order of 100 pF. The input impedance was more than 1 G2 and the capacitance to ground less than 10 pF.
The Common Mode Rejection (CMR) was measured by applying a common signal to the recording surfaces in 0.15% NaCl. Only 2 mm of the wires around the recording surfaces were dipped. The capacitances between the wires and the tissue were simulated in two ways: i) by connecting two capacitances between the input leads of the preamplifier and ground, or ii) by dipping 5 cm of the wires in a second bath connected to ground. For the cut end electrode less than 4% of the common signal was transferred to the amplifier terminals as a difference signal (CMR > 25). For the side hole electrode with low impedances (160 k92/200 k92) the CMR was greater than 33. For the side hole electrode with high impedances (400 kE2/700 k2) the CMR decreased inversely proportional to the frequency and reached a level of three at 3 kHz. These measurements of CMR agree with values calculated from the measured values of electrode impedances and wire and amplifier capacitances.
The conclusion from these results is that due to small differences in impedances of the recording surfaces CMR is sufficiently great for the cut end electrode, in spite of the large capacitances. The side hole electrode has smaller capacitances, but a much greater difference between the impedances of the recording surfaces. A calculation shows that the difference in impedances should be kept below 100 kQ for the side hole electrode to obtain a CMR greater than ten throughout the frequency range from 20-10,000 Hz. However, since the capacitance between wire and tissue remains constant during the recording period, it may be possible to avoid its limiting effect by using a negative capacitance differential preamplifier.
Selectivity
Action potentials from single motor units were recorded during constant voluntary contraction of the anterior tibial muscle. The force was measured as torque at the ankle. With the side hole electrode clear recordings from single motor units were obtained at 20-30% of maximal effort over periods of several minutes (Fig. 8) [19] ). In rat and cat muscle most fibers belonging to the same motor unit lie solitary [20] , [211. Electrophysiological evidence suggests that the fibers of a motor unit also lie scattered in man [22] . In that case about 20o of the two to nine fibers within the pick-up range of the bipolar perpendicular electrode belong to the same motor unit. This illustrates that only in some instances it was possible to record from single motor units at maximal effort as reported by Bigland and Lippold [1] , Norris and Gasteiger [2] and Hannerz [5] .
Spectra and Amplitudes ofRecorded Potentials
The action potentials were similar in shape and duration to the potentials calculated by the model and there was agreement between power spectra computed from the recorded potentials and determined by the model (Figs. 9 and 2 ).
The amplitudes of the action potentials ranged from 100 AV to 8 mV. With the side hole electrode the median amplitude was 800,pV, two times greater than when recorded with the cut end electrode (400 MV). This is primarily because the component of the center distance between the recording surfaces perpendicular to the fiber direction is 50 pm in the side hole electrode and 25 pm in the cut end electrode. It may also reflect that the side hole electrode can be moved close to the active fibers. It is surprising that the medians of the amplitudes were 400-800 pV, which is close to the maximal amplitudes predicted by the model and that amplitudes as high as 8 mV could occur. To some extent the large amplitudes could be explained by assuming that they were recorded from fibers with diameters larger than 50,pm. According to the model, the amplitude of the action potentials increases with the square of the fiber diameter. In addition, the side hole electrode is an insulator except for the small recording surfaces and may thereby cause an increase in the electrical potential by as much as a factor of two (the "wall effect" [23] ). The "wall effect" could not play a role when recording with the cut end electrode. To account for the large potentials an additional factor of two or more is needed. We therefore suggest that amplitudes predicted by the model are too low when the gap between muscle fiber and electrode is extremely narrow. The parameters for conductivity and anisotropy were chosen from measurements where the muscle tissue was assumed to be homogeneous. However, the muscle tissue is inhomogeneous and consists of insulating membranes in intra-and extracellular fluid with higher conductivity. The membrane currents flowing during depolarization of the muscle fiber are therefore forced to run in the narrow gaps of extracellular fluid [24] . The current density and thereby the potentials recorded by an electrode in the extracellular fluid immediately outside the fiber are therefore higher than predicted by the model.
In unipolar recording, Ekstedt [23] recorded up to 25 mV with a single fiber multielectrode. The fact that the decline in amplitude for increasing distance between fiber and amplitude was steeper than predicted from the model (Fig. 10) when the maximal amplitude was larger than 10 mV and fitted the theoretical curve for smaller amplitudes, supports the suggestion given above.
DiSCUSSION
From the model we have learned that when a bipolar electrode of small dimensions is oriented perpendicular to the direction of the muscle fibers only two to seven muscle fibers To explain that the peak-to-peak amplitude recorded with bipolar electrodes can be two to three times greater than predicted by the model. Heavy line: decrease in peak-to-peak amplitude for increasing distance between the surface of the muscle fiber electrode as calculated for unipolar recording (see Fig. 3 ). The points on the thin lines are calculated from the peak-to-peak amplitudes determined by Ekstedt in experiments with a single-fiber multielectrode [23, Fig. shunt and the selectivity was lost [1] . In patients with partial paralysis who could not recruit all motor units, we used an electrode with holes burnt into the side of the wires. The wires were passed in and out through skin and muscle. The side holes could thus be positioned close to active muscle fibers by gently pulling the ends of the wires at either side of the muscle [6] .
Hannerz [5] The recording system used by Hannerz [5] has an upper frequency limit of 1 kHz. The total frequency range of the electrode and recording system is therefore equal to a band-pass filter around 1 kHz. This is below the frequency range where the 25% distances and thereby the pick-up ranges are small (cf. Fig. 5 ).
Recently the importance of high-pass filtering was emphasized by Gath and St3lberg [8] and Clamann and Lamb [7] .
Clamann and Lamb [7] succeeded in extracting single motor unit action potentials by electronic differentiation of the signals picked up by small electrodes. The effect of differentiation of a unipolarly recorded trace is illustrated in Fig. 11 . Action potentials from three motor units ( The middle trace (Fig. 11) illustrates the error which may occur when single potentials are selected by narrowing the frequency band. The potentials from motor units one and three can no longer be distinguished by their amplitude and shape.
In conclusion, we can say that the best selectivity is obtained by recording via a small bipolar electrode, oriented perpendicular to the muscle fiber. Even then single unit recording at maximal effort is only possible when occasionally the electrode is positioned close to two or more fibers belonging to the same motor unit.
APPENDIX
The extracellular action potentials (,Pan (r, z) were computed by numerical integration of an intracellular action potential V' measured just under the membrane of a human muscle fiber [13] , [9] -[121.
For a muscle fiber in an isotropic conductor the extracellular potential was calculated [9] z and r were distances along and perpendicular to the fiber axis respectively. ai and ae were the conductivities of the intracellular and the extracellular medium, a the radius of the muscle fiber. The muscle tissue is an anisotropic conductor with larger conductivity a, along the fiber than perpendicular to it ar,
The extracellular potential for a muscle fiber in situ was therefore calculated [9] v) K(z) _ 1.7 for szu°r-2.8 [9] vi) distance between the centers of the recording surfaces of the bipolar electrodes: 25 ,um.
